Polyglutamine (polyQ) diseases are inherited neurodegenerative disorders that are caused by the expansion of trinucleotide CAG repeats in the causative genes. Spinal and bulbar muscular atrophy (SBMA) is an inherited motor neuron disease that is caused by the expansion of a polyQ tract within the androgen receptor (AR). p62 is a ubiquitin-and light-chain 3-binding protein that is known to regulate the degradation of targeted proteins via autophagy and inclusion formation. In this study, we examined the effects of p62 depletion and overexpression on cultured cells and in a transgenic mouse model that overexpressed the mutant AR. Here, we demonstrate that depletion of p62 significantly exacerbated motor phenotypes and the neuropathological outcome, whereas overexpression of p62 protected against mutant AR toxicity in SBMA mice. Depletion of p62 significantly increased the levels of monomeric mutant AR and mutant AR protein complexes in an SBMA mouse model via the impairment of autophagic degradation. In addition, p62 overexpression improved SBMA mouse phenotypes by inducing cytoprotective inclusion formation. Our results demonstrate that p62 provides two different therapeutic targets in SBMA pathogenesis: (1) autophagy-dependent degradation and (2) benevolent inclusion formation of the mutant AR.
Introduction
Polyglutamine (polyQ) diseases are inherited neurodegenerative disorders that are caused by the expansion of trinucleotide CAG repeats in specific genes (Di Prospero and Fischbeck, 2005) . Spinal and bulbar muscular atrophy (SBMA) is a motor neuron disease that is caused by the expansion of a polyQ tract within the androgen receptor (AR) . SBMA is characterized by motor neuron loss in the spinal cord and brainstem, along with diffuse nuclear accumulation and nuclear inclusions (NIs) of the mutant AR in residual motor neurons and specific visceral organs (Sobue et al., 1989; Adachi et al., 2005) . Nuclear and cytoplasmic inclusions are common pathological features in polyQ diseases and colocalize with many components of the ubiquitin-proteasome system (UPS) and autophagy, which raises the possibility that UPS and autophagy might actively degrade components of these inclusions (Buchberger et al., 2010) . Furthermore, molecular chaperones also facilitate the refolding or proteolysis of toxic misfolded proteins and could play a role in protecting neuronal cells against the toxic properties of expanded polyQ Labbadia et al., 2011) .
Macroautophagy is a process in which cells form doublemembrane vesicles called autophagosomes around a portion of the cytoplasm. The protein p62, which is also known as sequestosome-1 (SQSTM1), is an adaptor protein that binds to ubiquitin and the autophagosome membrane light-chain 3 (LC3) in the autophagic degradation pathway (Ichimura et al., 2008) . These autophagosomes ultimately fuse with lysosomes, which results in the degradation of their substrates. Specific phosphorylation of p62 at serine 403 in its ubiquitinassociated (UBA) domain increases the affinity between UBA and the polyubiquitin chain, which results in efficiently targeted polyubiquitinated proteins and stabilization of the sequestosome structure (Matsumoto et al., 2011) . Although p62 plays a pivotal role in nuclear and cytoplasmic inclusion formation for disease-causative proteins in neurodegenerative disorders (Kuusisto et al., 2001 (Kuusisto et al., , 2008 Troakes et al., 2012) , the role of p62 in the pathogenesis of neurodegenerative disorders, including SBMA, has not yet been fully resolved.
In this study, we examined the effect of p62 depletion and overexpression in cultured cells and a transgenic mouse model that overexpresses mutant AR to explore a potential strategy for SBMA therapy. In the SBMA mouse model, depletion of p62 significantly exacerbated physical, behavioral, and neuropathological outcomes, and overexpression of p62 protected against the toxicity of mutant AR. Depletion of p62 significantly increased the accumulation of monomeric mutant ARs and mutant AR protein complexes in SBMA mice via the impairment of autophagic degradation, whereas overexpression of p62 promoted inclusion body formation that was less toxic in the spinal cord and muscle of SBMA mice. Our results demonstrate that p62 exhibits two different therapeutic aspects that are critical components in the autophagy-dependent degradation of the mutant AR and provides harmless inclusion body formation in SBMA pathogenesis.
Materials and Methods
Plasmid constructs and siRNA. pIRESpuro3, which encodes 3xFLAG-tagged mouse p62, and the PB1 p62 mutant (K7A and D69A, M0) plasmids were kindly provided by Dr. Masaaki Komatsu (Laboratory of Frontier Science, Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan). The PB1 p62 mutant (D69A) plasmid with an HA-tag (see Fig. 2D ), deletion mutant plasmids for p62 (M1-M7; see Fig. 2E ), and a plasmid with ubiquitin-binding-disrupting mutation (M406V) of p62 with a FLAG tag (see Fig. 2G ) were generated using a KOD Plus Mutagenesis Kit (Toyobo). The plasmids pCR3.1-AR-24Q and pCR3.1-AR-97Q were also used. All of the constructs were verified by DNA sequencing. siRNAs that target p62 were used at a concentration of 10 nM and had the following sequences: 5Ј-GAAAGTGCATGAGAAGAGAT T-3Ј (sense) and 5Ј-TCTCTTCTCATGCACTTTCTT-3Ј (antisense) for the PC12 cells and 5Ј-CTTGTAGTTGCATCACGTATT-3Ј (sense) and 5Ј-TA CGTGATGCAACTACAAGTT-3Ј (antisense) for the Neuro2A cells.
Cell culture and DNA transfection. PC12 Tet-On cells that express human wild-type AR (AR-10Q) or mutant AR (AR-112Q) were kindly provided by Dr. Diane E. Merry (Departments of Biochemistry and Molecular Biology, Thomas Jefferson University, Philadelphia, PA) (Walcott and Merry, 2002) . Plasmid DNA and siRNA were transfected into Neuro2A cells, NSC34 cells, or PC12 Tet-On cells using Lipofectamine 2000 (Invitrogen) according to the instructions of the manufacturer. Cells were plated in 6-cm dishes in 5 ml of DMEM/10% FCS with penicillin and streptomycin, and each dish was transfected with 4 g of plasmid DNA and p62 or control (mock) siRNA. The PC12 cells were cultured in DMEM that contained 10 ng/ml nerve growth factor (NGF) (Alomone Labs), 1 g/ml doxycycline, and 1 nM dihydrotestosterone (DHT) for the indicated days, as described previously (Walcott and Merry, 2002) . Neuro2A cells were cultured in differentiation medium (DMEM/2% FCS; DMEM supplemented with 2% fetal calf serum) that contained retinoic acid (20 M) and DHT (1 nM) after transfection. The transfection efficiency was 60 -70%. The NSC34 cells were cultured in DMEM/10% FCS for 48 h at 37°C under 5% CO 2 .
Generation of AR transgenic/p62 knock-out mice and genotyping. p62 knock-out mice in the C57BL/6J (B6) background were kindly provided by Tetsuro Ishii (Graduate School of Comprehensive Human Sciences, University of Tsukuba, Tsukuba, Japan) (Komatsu et al., 2007) . Homozygous p62 knock-out females ( p62 Ϫ/Ϫ mice) of the B6 strain were mated with male mice of the BDF1/B6 strain that expressed full-length human AR with 24-polyQ tracts (AR-24Q mice, 5-5 line) or 97-polyQ tracts (AR-97Q mice, 7-8 line) to produce a mixed BDF1 and B6 genetic background. First-generation AR-24Q/p62 ϩ/Ϫ or AR-97Q/p62 ϩ/Ϫ mice were mated with p62 ϩ/Ϫ or p62 Ϫ/Ϫ mice to produce all of the combinations and numbers for each analysis. We screened tail DNA by PCR to detect the deletion of the p62 gene using two primer pairs: 5Ј-CTGCATGTCTTC TCCCATGAC-3Ј/5Ј-TAGATACCTAGGTGAGCTCTG-3Ј and 5Ј-CT TACGGGTCCTTTTCCCAAC-3Ј/5Ј-TCCTCCTTGCCCAGAAGATAG-3Ј.
Transgene construction. Full-length human p62 cDNA was generated from total RNA that was extracted from SH-SY5Y cells by reverse transcription (RT)-PCR. Full-length human p62 was constructed by subcloning p62 inserts that were derived from the full-length human p62 cDNA into the pCAGGS vector (Niwa et al., 1991) using PCR. The HAtagged p62 fragments were then subcloned by mutagenesis methods, and the DNA sequence was confirmed. The final plasmids were digested to remove the transgene (see Fig. 6A ).
Generation and maintenance of p62 transgenic mice and genotyping. We generated mice that overexpressed p62 by microinjection of the transgene into B6 fertilized eggs; we obtained four founders. Heterozygous p62 transgenic females of the B6 strain were mated with male mice of the BDF1/B6 strain that overexpressed AR-24Q mice (5-5 line) or AR-97Q mice (7-8 line) to produce a mixed BDF1 and B6 genetic background. First-generation AR-24Q/p62
(tg/ϩ) or AR-97Q/p62 (tg/ϩ) mice were used for each analysis. We screened tail DNA by PCR for the presence of the transgene using the following primers: 5Ј-AGCTGCCTTGTACCCACA TC-3Ј and 5Ј-AGCGTAATCTGGAACATCGT-3Ј.
Neurological and behavioral assessments of SBMA model mice. AR-24Q and AR-97Q mice were generated and maintained as described previously . All of the animal experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and under the approval of the Nagoya University Animal Experiment Committee. The AR-97Q male mice exhibited progressive muscular atrophy and weakness in addition to diffuse nuclear staining (DNS) and NIs of the mutant AR. Similar to SBMA patients, these phenotypes were pronounced in male transgenic mice. The mouse rotarod task (Ugo Basile) was performed on a weekly basis, and cage activity was measured weekly using the AB system (Neuroscience), as described previously . Spontaneous motor activity was monitored in 24 h periods; all vertical and horizontal spontaneous movements, including locomotion, rearing, and head movements, were counted and automatically totaled. Grip strength analysis was performed using an MK380M Grip Strength Meter (Muromachi Kikai).
Immunocytochemistry. PC12 Tet-On cells were plated in a collagencoated four-chamber slide (BD Biosciences) and were cultured in DMEM that contained 10 ng/ml NGF, 1 g/ml doxycycline, and 1 nM DHT for the indicated days, as described previously (Walcott and Merry, 2002) . The cells were also treated with bafilomycin A1 (11707; Sigma) for 16 h and 10 ng/ml leptomycin B (Enzo Diagnostics) for 2 h before harvest and were fixed with 4% paraformaldehyde for 15 min at room temperature. The cells were then treated in formic acid for 5 min at room temperature and were sequentially incubated with anti-p62 antibody (1: 1000; PROGEN Biotechnik), anti-LC3 (1:1000; PM046; Medical and Biological Laboratories), and anti-AR (1:1000; Perseus Proteomics) at 4°C overnight. Next, the sections were incubated with Alexa Fluor 647-conjugated goat anti-guinea pig IgG, Alexa Fluor 546-conjugated goat anti-rabbit IgG, and Alexa Fluor 488-conjugated goat anti-mouse IgG (1:1000; Invitrogen) for 1 h at room temperature. The stained sections were imaged using a confocal laser-scanning microscope (LSM 710; Carl Zeiss).
Patients. Tissue was obtained from three patients with clinicopathologically and genetically confirmed SBMA (51-77 years of age; mean age, 65.7 years) and three controls without neurological disease (51-78 years of age; mean age, 64.0 years). These patients were hospitalized and evaluated at Nagoya University Hospital and its affiliated hospitals. The collection of human tissues and their use for this study were approved by the Ethics Committee of Nagoya University Graduate School of Medicine. Informed consent was obtained to use these tissues for research purposes. Paraffin-embedded sections of the spinal cord were processed and examined in the same manner as was used for the transgenic mice.
Immunohistochemistry and histopathology. Mice were deeply anesthetized with pentobarbital sodium and were transcardially perfused with 20 ml of 4% paraformaldehyde fixative in phosphate buffer, pH 7.4. The spinal cord and skeletal muscle tissues were removed, postfixed overnight in 10% phosphate-buffered Formalin, and processed for paraffin embedding. Sections (6 m thickness) of the tissue samples were deparaffinized, dehydrated with alcohol, and treated in formic acid for 5 min at room temperature. For the immunohistochemical studies, the paraffin sections were preheated in a microwave oven for 10 min and were blocked with normal animal serum (1:20). The sections were then incubated with anti-expanded polyQ antibody (1:10,000; 1C2; Millipore) and anti-p62 antibody (1:1000; PROGEN Biotechnik) for all of the human tissues and anti-p62 antibody (1:1000; PM045; Medical and Biological Laboratories), anti-glial fibrillary acidic protein (GFAP) antibody (1: 1000; Roche Diagnostics), anti-HA antibody (1:500; C29F4; Cell Signaling Technology), and anti-ubiquitin antibody (1:1000; catalog #3936; Cell Signaling Technology) for the mouse tissues. Primary antibodies were probed using a biotinylated anti-species-specific IgG (Vector Laboratories), and the immune complexes were visualized using streptavidin-horseradish peroxidase (Dako) and 3,3-diaminobenzidine (Dojindo) as a substrate. Anti-ubiquitin antibody binding was probed with a labeled polymer of the secondary antibody as part of the Envision system, which contained horseradish peroxidase (Dako). The sections were counterstained with Mayer's hematoxylin. Paraffin-embedded sections (6 m thickness) of the gastrocnemius muscle were air dried and stained with hematoxylin and eosin. For double-immunofluorescence staining, the sections were blocked with TSA Blocking Reagent (PerkinElmer Life and Analytical Sciences) and were then sequentially incubated with anti-p62 antibody (1:1000; PM045; Medical and Biological Laboratories) and 1C2 antibody (1:10,000; Millipore) at 4°C overnight. The sections were then incubated with Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:1000; Invitrogen) and Alexa Fluor 546-conjugated goat anti-mouse IgG (1:1300; Invitrogen) for 8 h at 4°C. The stained sections were imaged using a confocal laser-scanning microscope (LSM 710; Carl Zeiss).
Quantification of 1C2-positive cells and ubiquitin-positive NIs. To assess 1C2-positive cells and ubiquitin-positive NIs in the ventral horn of the spinal cord, 50 consecutive transverse sections of the thoracic spinal cord were prepared from each individual mouse. Cells positive for 1C2 within the ventral horn of every fifth section were counted as described previously ). Populations of 1C2-positive cells and ubiquitin-positive NIs were expressed in units of number per square millimeters (see Fig. 5G ). To examine 1C2-positive cells and ubiquitinpositive NIs in muscle, the number was calculated from counts of 500 fibers in randomly selected areas of individual mice and was expressed as the number per 100 muscle fibers (see Fig. 5H ). The ratio of the number of cells with NIs or DNS to that of the total number of 1C2-positive cells was calculated (see Fig. 7 B, C) . The 1C2 signal intensity of the DNS was analyzed using Image Gauge software version 4.22 (GE Healthcare). The mean signal intensity of DNS was calculated by correcting the signal intensity of all of the 1C2-positive neurons in the spinal cord and all of the 1C2-positive nuclei in the muscle. The relative signal intensity (R.S.I.) of the DNS was computed as the signal intensity of each cell divided by the mean signal intensity of cells without inclusions (see Fig.  7D ). The quantitative data for six individual mice are expressed as the mean Ϯ SEM.
Protein expression analyses. Forty-eight hours after transfection, the cells were lysed in TNE buffer (10 mM Tris-HCl, pH 7.5, 1% Nonidet P-40, 150 mM NaCl, and 1 mM EDTA), supplemented with 1 mM PMSF and 6 g/ml aprotinin and centrifuged at 15,000 ϫ g for 15 min at 4°C. Thirteen-and 25-week-old mice were exsanguinated under pentobarbital sodium anesthesia, and tissues were snap frozen with powdered CO 2 in acetone. The tissues were homogenized in CelLytic-M Mammalian Cell Lysis/Extraction Reagent (Sigma) with 1 mM PMSF and 6 g/ml aprotinin and were centrifuged at 2,500 ϫ g for 15 min at 4°C. Supernatant protein concentrations were determined using the DC protein assay (Bio-Rad). Aliquots of the supernatant fractions were loaded on 5-20% SDS-PAGE gels, in which each lane contained 7 g of cell proteins and 80 g of neural and muscle tissue. To prevent carryover, the pellets were washed with CelLytic-M Mammalian Cell Lysis/Extraction Reagent, followed by sonication and centrifugation. The insoluble pellets were lysed in 300 l of 8 M urea solution (30 mM Tris, pH 8.5, 2 M Thiourea, 4% CHAPS, and 8 M urea), sonicated, and centrifuged at 25,000 ϫg for 15 min at 4°C. Aliquots of the supernatant fractions were loaded on 5-20% SDS-PAGE gels. The gels were then transferred to Hybond-P membranes (GE Healthcare) using 25 mM Tris, 192 mM glycine, 0.1% SDS, and 10% methanol as the transfer buffer. Primary antibodies were used at the following concentrations: rabbit anti-AR, 1:1000 (N20; Santa Cruz Biotechnology); rabbit anti-AR, 1:1000 (H280; Santa Cruz Biotechnology); rabbit anti-p62, 1:1000 (PM045; Medical and Biological Laboratories); rabbit anti-LC3 for cells, 1:1000 (PM036; Medical and Biological Laboratories); rabbit anti-LC3 for mouse tissues, 1:2000 (NB600-1384; Novus Biologicals); mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 1:10000 (MAB374; Millipore); rabbit anti-HA, 1:1000 (Y-11; Santa Cruz Biotechnology); and mouse anti-ubiquitin, 1:1000 (catalog #3936; Cell Signaling Technology). Primary antibodies were probed using HRP-conjugated anti-rabbit Ig F(abЈ) 2 and anti-mouse Ig F(abЈ) 2 (1:5000; GE Healthcare) secondary antibodies and were detected using the ECL Plus kit (GE Healthcare). An LAS-3000 imaging system was used to produce digital images and to quantify band intensities, which were then analyzed using Image Gauge software version 4.22 (GE Healthcare). Densitometric values of ARs were normalized to those of endogenous GAPDH. The R.S.I. was computed as the signal intensity of each sample divided by that of the nontreated cells and control siRNA-transfected cells (see Figs. 1, 3) or the signal intensities of AR-24Q/p62
ϩ/ϩ or AR-97Q/p62 ϩ/ϩ mice (see Fig. 5 ) and AR-24Q/p62
(ϩ/ϩ) mice (see Fig. 9 ).
Immunoprecipitation assay. We constructed p62 deletion mutant plasmids using a mutagenesis method with the appropriate primers. Each construct was designed against the functional domains and exons of the corresponding mouse p62 gene to assess which domain of p62 was required for the interaction with the AR (see Fig. 2E ). Neuro2A cells transfected with AR-24Q and/or AR-97Q and the mutant p62 vectors were lysed. The sample, which contained 0.5 mg of total protein in 500 l of TNE buffer, was rotated with 40 l of anti-FLAG M2 agarose beads (Sigma) for 8 h at 4°C. The protein was eluted from the beads using 3xFLAG peptide (Sigma) under native conditions. Anti-HA tag monoclonal antibody magnetic beads (M132-9; Medical and Biological Laboratories), rabbit anti-AR (N20; Santa Cruz Biotechnology), and rabbit anti-p62 (PM045; Medical and Biological Laboratories) with 50 l of protein G Dynabeads (Invitrogen) was also used in an immunoprecipitation assay. The supernatants were then boiled for 5 min in SDS sample buffer supplemented with 2-mercaptoethanol and loaded on to SDSpolyacrylamide gels. The blots were probed as described for Western blots with anti-AR (1:1000; N20; Santa Cruz Biotechnology), anti-DYKDDDK (1:1000; 018-22381; Wako Pure Chemicals), anti-HA tag HRP-DirecT (1:1000; 561-7; Medical and Biological Laboratories), antiubiquitin (1:1000; catalog #3936; Cell Signaling Technology), and anti-GAPDH (1:10,000; Millipore).
Pulse-chase labeling assay. Cells were transfected as described above; they were starved for 1 h in methionine-and cysteine-free DMEM containing 10 ng/ml NGF, 1 g/ml doxycycline, and 1 nM DHT and were then labeled for 1 h with 150 Ci of Redivue Pro-Mix L-[
35 S] in vitro cell-labeling mix (GE Healthcare) per milliliter of the culture medium. After being washed in PBS, the cells were chased for the indicated time intervals in complete medium. Immunoprecipitation was performed using equivalent amounts of protein lysates, 50 l of protein G Dynabeads (Invitrogen), and 5 l of anti-AR antibody (H280; Santa Cruz Biotechnology) for 10 min at room temperature. Each sample was separated by 5-20% SDS-PAGE and was analyzed by phosphorimaging (Typhoon LFA 9000 PhosphorImager; GE Healthcare) using Image Gauge software version 4.22 (GE Healthcare).
Quantitative real-time RT-PCR. Total RNA was isolated from the PC12 cells and Neuro2A cells using the RNeasy Mini kit (Qiagen) and from mouse tissues using the PureLink RNA Mini kit (Invitrogen), according to the instructions of the manufacturer. The total RNA from the cells (3 g) and mouse tissues (2.5 g) was reverse transcribed using SuperScript III reverse transcriptase (Invitrogen). Real-time RT-PCR was performed in a total volume of 25 l containing 12.5 l of 2ϫ QuantiFast SYBR Green PCR Master Mix (Qiagen) and each primer at a concentration of 1 M. The PCR products were detected using the iCycler system (Bio-Rad). The reaction conditions were 95°C for 5 min and then 40 cycles of 10 s at 95°C and 30 s at 60°C. As an internal standard control, the expression of GAPDH was simultaneously quantified using the following primers: 5Ј-CCTGGAGAAACCTGCCAAGTAT-3Ј and 5Ј-TGAA GTCGCAGGAGACAACCT-3Ј. The primers used to detect the AR were designed as described previously . The primers used for p62 detection were 5Ј-ATGCTGTCCATGGGTTTCTC-3Ј and 5Ј-GG TGGAGGGTGCTTTGAATA-3Ј for PC12 cells and 5Ј-CCAGTGATGA GGAGCTGACA-3Ј and 5Ј-CATCACAGATCACATTGGGG-3Ј for Neuro2A cells. The R.S.I. was computed as the signal intensity of each sample divided by the signal intensity of the control siRNA-transfected cells (see Fig. 3 ) and AR-24Q/p62
(ϩ/ϩ) or AR-97Q/p62 (ϩ/ϩ) mice (see Fig. 9 ).
Statistical analyses. The data were analyzed using unpaired t tests and post hoc tests (Tukey-Kramer tests) for multiple comparisons, along with the Kaplan-Meier and log-rank tests to assess the survival rate, as calculated using Statview software version 5 (Hulinks).
Results

AR is degraded via the p62-dependent autophagic pathway in cultured cells
p62 is degraded in the autophagic-lysosomal pathway through its interaction with LC3 (Komatsu et al., 2007; Ichimura et al., 2008) . In addition, the AR can also be degraded by autophagy (Montie et al., 2009 ). To determine whether normal and mutant ARs are degraded by autophagy in cells in which the protein forms inclusions in the nucleus, as in motor neurons in SBMA, we treated an inducible PC12 cell model of SBMA that expresses full-length human AR with wild-type (AR-10Q) or mutant (AR-112Q) AR with bafilomycin A1, which is a potent inhibitor of autophagy. In this model, AR-112Q forms NIs in response to DHT, and treatment with DHT for 7 d increased the frequency of inclusions nearly threefold compared with treatment for 3 d (Walcott and Merry, 2002) . Immunoblot analysis revealed a significant accumulation of monomeric wild-type (AR-10Q) and mutant (AR-112Q) AR in the PC12 cells that were treated with bafilomycin A1 after DHT treatment for 3 and 7 d; p62 also accumulated in the bafilomycin A1-treated cells (Fig. 1A) . Bafilomycin A1 treatment also significantly increased the amount of the high-molecularweight complex of mutant AR in the AR-112Q cells after DHT treatment for 7 d (Fig. 1A) . Similar accumulations of AR-24Q, AR-97Q, and p62 were observed when we transiently transfected wild-type (AR-24Q) or mutant (AR-97Q) AR into Neuro2A cells and treated the cells with bafilomycin A1 (Fig. 1B) . Accumulation of wild-type and mutant AR was similarly observed in treatment with lactacystin, which is a potent inhibitor of the ubiquitin-proteasome pathway ( Fig. 1 A, B) . These findings suggest that the AR is degraded not only via the UPS but also via the autophagic-lysosomal pathway, and this effect occurs independently of inclusion formation in the nuclei. To examine whether AR was localized in LC3-positive cytoplasmic puncta, we cultured the PC12 cells with doxycycline, NGF, and DHT for 7 d. Immunofluorescence staining revealed that bafilomycin A1 treatment increased p62-and LC3-positive cytoplasmic puncta, which colocalized with both wild-type and mutant ARs (Fig. 1C) . This result suggests that both wild-type and mutant ARs are degraded in the p62-dependent autophagic pathway. These findings are consistent with a previous study that reported that p62 interacted with mutant huntingtin and was degraded by autophagy . Nevertheless, p62 colocalized with AR-112Q in the NIs (Fig. 1C ).
p62 interacts with the AR p62 interacts with LC3 via a short domain of its C-terminal portion and is selectively degraded by autophagy (Ichimura et al., 2008; Ichimura and Komatsu, 2010) . However, it is unclear whether p62 can interact with the AR protein. Because wild-type p62 was difficult to use in immunoprecipitation assay experiments given its propensity for aggregation, we used p62 with a PB1 (Phox and Bem1p) domain mutation ( Fig. 2B-F ) . The selfoligomerization of p62 has been shown to be severely attenuated by this mutation Ichimura et al., 2008) . In immunoprecipitation experiments, AR-24Q and AR-97Q coimmunoprecipitated with both endogenous and transfected p62, which suggests that p62 could either directly or indirectly recognize the AR ( Fig. 2A-G) . To determine the region of p62 that is required for the interaction with AR, we performed immunoprecipitation assay experiments using a series of p62 deletion mutants. The functional domains and exons of the corresponding mouse p62 gene were preserved in each construct (Fig. 2E) . Deletion mutants of p62 (M6 and M7) failed to interact with the AR, whereas other mutants (M0 -M5) interacted with the AR, which suggests that amino acid sequences from exon 4 (amino acids 180 -225) of p62 are essential for its interaction with the AR (Fig.  2F ). This AR-p62 interaction did not change when ubiquitin binding was disrupted using the M406V mutation in the p62 expression vector (Fig. 2G) (Falchetti et al., 2004) . These results indicate that p62 can either directly or indirectly recognize the AR without ubiquitination and that the AR is degraded via autophagy.
Depletion of p62 promotes the accumulation of AR in a cell culture model
To determine whether depletion of p62 influences the turnover of AR, we treated the inducible PC12 cells that expressed AR-10Q and AR-112Q with either control siRNA or p62 siRNA. Immunoblot analysis revealed the accumulation of both monomeric wild-type (AR-10Q) and mutant (AR-112Q) AR after DHT treatment for 3 and 7 d and the accumulation of a highmolecular-weight complex of the mutant AR in the AR-112Q cells after DHT treatment for 7 d in the PC12 cells that were depleted of p62 ( p Ͻ 0.01), which suggests that both wild-type and mutant ARs were degraded via p62-dependent autophagic degradation (Fig. 3A) . Similar accumulations of AR-24Q, AR-97Q, and p62 were observed when we transiently transfected wild-type (AR-24Q) or mutant (AR-97Q) AR into Neuro2A cells and treated the cells with p62 siRNA (Fig. 3B) . The turnover of wild-type (AR-10Q) and mutant (AR112Q) ARs was then assessed using a pulse-chase labeling assay in PC12 cells to determine whether the enhanced degradation of AR was attributable to protein degradation or to a change in RNA expression. Wildtype and mutant ARs were degraded almost equally in the absence of p62 siRNA, as reported previously (Bailey et al., 2002; Lieberman et al., 2002) . In the absence of p62, wild-type and mutant ARs exhibited markedly diminished degradation (Fig.  3C,D) , whereas the mRNA levels for both AR-10Q and AR-112Q were quite similar when treated with control or p62 siRNA constructs (Fig. 3E) . Similarly, the mRNA levels for both AR-24Q and AR-97Q in Neuro2A cells were approximately equal when treated with mock or p62 siRNA constructs (Fig. 3F ) . These data indicate that deprivation of p62 influenced the autophagic degradation of both wild-type and mutant proteins without altering the mRNA levels, even in cells with NIs.
Depletion of p62 impairs the phenotypes of male AR-97Q mice
The aforementioned results suggest that endogenous p62 plays an important role in the degradation of misfolded polyQ protein in cells. We hypothesized that, if p62 contributes to the cellular quality control of the mutant polyQ protein, then reducing the expression of p62 should exacerbate polyQ disease. To test this hypothesis in vivo, we crossed an SBMA transgenic mouse that overexpressed the full-length human AR with either 24Q or 97Q mice (AR-24Q or AR-97Q mice) with p62 knock-outs (Ϫ/Ϫ) (Komatsu et al., 2007) . Because SBMA mice (AR-97Q mice) have a small body size, a shorter lifespan, progressive muscle atrophy and weakness, reduced cage activity, and a male preponderance similar to that of human SBMA patients (Katsuno et al., 2002) , we used male transgenic mice in this study. The disease progression in the AR-97Q mice that had a homozygous depletion of p62 (AR-97Q/p62 Ϫ/Ϫ ) was significantly exacerbated compared with the disease progression in SBMA transgenic mice with normal p62 activity (AR-97Q/p62 ϩ/ϩ ) and in AR-97Q/p62 ϩ/Ϫ mice with a heterozygous depletion of p62. Immunohistochemical studies of the spinal anterior horn and muscle using the p62-specific antibody in AR-97Q/p62 ϩ/ϩ and AR-97Q/p62 Ϫ/Ϫ mice confirmed the absence of p62 staining in the nuclei and cytoplasms of knock-out animals ( Fig. 4A-D) . Western blotting analysis confirmed the decline of p62 expression in the spinal cord and muscle of p62 ϩ/Ϫ mice and p62 Ϫ/Ϫ mice (Fig. 4E) . Mice of all three genotypes appeared to be normal until 6 -9 weeks of age. Immunoprecipitation was then performed with non-immune rabbit IgG (NI) or an antibody for endogenous p62 (I). B, PB1 mutant p62 (M0) or wild-type p62 (Wt) and AR were cotransfected in Neuro2A cells, followed by immunoprecipitation with FLAG M2 agarose beads. Mutant p62 coprecipitated with AR, whereas the control did not show an interaction. C, PB1 mutant p62 (M0) and AR were cotransfected in Neuro2A cells. Immunoprecipitation was then performed using FLAG M2 agarose beads. D, p62 with an HA tag and ARs were cotransfected in Neuro2A cells. Immunoprecipitation was then performed using an HA antibody. E, A schematic representation of p62 deletion mutants fused with an N-terminal 3xFLAG generated by mutagenesis. F, AR-97Q and p62 mutants (M0 -M7) were cotransfected, and immunoprecipitation was performed. G, Mutant p62 (M406V) or wild-type p62 (Wt) and AR-97Q were cotransfected in Neuro2A cells, followed by immunoprecipitation using FLAG M2 agarose beads. IPs, Immunoprecipitations; C, control; K7A D69A, Phox and Bem1p (PB1) domain with mutations for each amino acid; ZZ, ZZ-type zinc finger; LRS, LC3 recognition sequence; Ub, ubiquitin. However, by 10 -15 weeks, the AR-97Q/p62 Ϫ/Ϫ mice displayed prominent kyphosis, muscle weakness and atrophy, and a footdragging walk with foot inversion (Fig. 4F-K ) . After onset, the phenotype of the AR-97Q/p62 Ϫ/Ϫ mice progressed rapidly to death over a 10 -20 week period. By 20 weeks, only 10% of the AR-97Q/p62 Ϫ/Ϫ mice remained alive, in contrast to ϳ40% of the AR97Q/p62 ϩ/ϩ mice (Fig. 4J ) . Furthermore, up to 25 weeks of age, none of the AR-24Q/p62 Ϫ/Ϫ mice showed any neurological phenotypes (data not shown).
To further characterize the motor phenotype of these mice, we performed rotarod testing for 15-week-old AR-97Q/p62 ϩ/ϩ and AR-97Q/p62 Ϫ/Ϫ mice. AR-97Q/p62 Ϫ/Ϫ mice exhibited significant motor impairment as assessed by the rotarod task when compared with AR-97Q/p62 ϩ/ϩ mice ( p Ͻ 0.05; Fig. 4F ). Locomotor cage activity for AR-97Q/p62 Ϫ/Ϫ and AR97Q/p62 ϩ/Ϫ mice was also significantly decreased when compared with that of the AR-97Q/p62 ϩ/ϩ mice ( p Ͻ 0.01 and 0.05, respectively; Fig.  4G ). AR-97Q/p62 Ϫ/Ϫ mice consistently performed more poorly than the other genotypes in tasks for testing grip strength ( p Ͻ 0.01; Fig. 4H ). In addition, none of the genotypes were distinguishable in terms of body weight at birth. However, AR-97Q/ p62 Ϫ/Ϫ mice lost weight significantly earlier and more profoundly when compared with AR-97Q/p62 ϩ/ϩ mice (p Ͻ 0.01; Fig. 4I ). Depletion of p62 also significantly decreased the survival rate of SBMA mice when compared with AR-97Q/p62 ϩ/ϩ mice (AR-97Q/ p62 ϩ/ϩ vs AR-97Q/p62
, p ϭ 0.007; Fig. 4J ). Moreover, AR-97Q/p62 Ϫ/Ϫ mice exhibited early onset of motor weakness, with dragging legs and shorter steps when compared with AR-97Q/p62 ϩ/ϩ mice (Fig. 4K) . Although the AR-97Q/p62 ϩ/Ϫ and AR-97Q/p62 Ϫ/Ϫ mice both showed phenotypic expression, the AR-97Q/p62 ϩ/Ϫ mice had better performance than the AR-97Q/p62 Ϫ/Ϫ mice for most of these parameters, which suggests that the affected motor phenotype depended on the expression level of p62 rather than the genetic background.
Depletion of p62 induces the accumulation of ARs in an SBMA mouse model
We immunohistochemically examined mouse tissue samples for mutant ARs using the 1C2 antibody, which specifically recognizes expanded polyQs, and we noted a marked increase in DNS in the spinal cord (Fig. 5A-C) and muscles ( Fig. 5D-F 
) in AR-97Q/p62
Ϫ/Ϫ mice at 13 weeks when compared with the AR-97Q/ p62 ϩ/Ϫ and AR-97Q/p62 ϩ/ϩ mice. Quantitative assessments showed significantly more 1C2-positive cells in the spinal cord (Fig. 5G) and muscles (Fig. 5H ) 
of AR-97Q/p62
Ϫ/Ϫ mice when compared with AR-97Q/ p62 ϩ/ϩ mice. Because wild-type and mutant ARs similarly accumulate in the absence of p62 in vitro, we also examined the expression of ARs in SBMA mice. Western blotting analysis of lysates from the spinal cord and muscle of AR-97Q mice revealed a high-molecular-weight mutant AR protein complex that was retained in the stacking gel as smearshaped bands in addition to a band that could represent the monomeric mutant AR. Moreover, only the band for the wildtype monomeric AR was visible in the tissue from the AR-24Q mice (Fig. 5 I, J ) . Depletion of p62 significantly increased the amount of the high-molecular-weight complex, the monomeric form of the mutant AR in the spinal cord and muscle of AR-97Q mice, and the amount of wild-type monomeric AR in AR-24Q mice (Fig. 5 I, J ). These observations indicate that p62 affects p62-dependent degradation of wild-type and mutant AR proteins via autophagy. Anti-GFAP antibody staining showed an apparent increase in reactive astrogliosis in AR-97Q/p62 Ϫ/Ϫ mice when compared with AR-97Q/p62 ϩ/ϩ mice in the spinal anterior horn (Fig. 5 K, L) . Western blotting analyses using an antibody against GFAP revealed that depletion of p62 upregulated GFAP, which indicates that the depletion of p62 exacerbated the neurodegenerative changes (Fig. 5M ) . Muscle histology and weight measurement also revealed significant exacerbation of muscle atrophy in AR-97Q/p62 Ϫ/Ϫ mice compared with AR-97Q/p62 ϩ/ϩ mice ( Fig. 5N-P) . Depletion of p62 did not influence the expression of total ubiquitinated proteins in the spinal cord and muscle of AR-24Q and AR-97Q mice, as determined by ubiquitin staining of Western blots (Fig. 5Q ) and histology (data not shown).
p62 overexpression ameliorates phenotypes in male AR-97Q mice
To test whether increased expression of p62 provides protective effects in AR-97Q mice, we generated transgenic mice that overexpressed full-length human p62 with a C-terminal HA tag under the control of a cytomegalovirus enhancer and a chicken ␤-actin promoter (Fig. 6A) . The promoter used for this transgenic mouse was the same as that used in the SBMA model mice. Among 10 available mouse lines, we established four that expressed p62 in the spinal cord and skeletal muscle, and we examined the effects of the overexpressed p62 on mouse phenotypes. Western blotting analysis revealed that p62 expression in the spinal cords of p62 (tg/ϩ) mice was fourfold higher than the expression of endogenous p62 in wild-type mice. In muscle, p62 expression was 12-fold higher in p62 (tg/ϩ) mice compared with wild-type mice (Fig.  6B) . Immunohistochemical studies performed on p62 (tg/ϩ) mouse tissue using an anti-HA tag antibody confirmed that spinal anterior horn neurons and muscle cells expressed p62. Moreover, p62 protein was distributed in the cytoplasms and nuclei of the spinal anterior horn neurons, glial cells, and muscles (Fig.  6C,D) . Up to 35 weeks of age, none of the hemizygous transgenic mice that overexpressed p62 presented any neurological phenotypes, as assessed by the rotarod task, cage activity, grip strength, and body weight (data not shown). Histological examination at 35 weeks did not reveal any detectable effects on neuronal cell morphology, neuronal cell number, or muscle structure (data not shown). These studies indicate that overexpression of human p62 alone does not impair neuronal development or motor function.
We crossed the AR-24Q and AR-97Q mice with mice that overexpress human p62 (p62 1-1 line) to generate hemizygotic AR-24Q/p62
(tg/ϩ) and AR-97Q/p62 (tg/ϩ) mice and AR-24Q/ p62 (ϩ/ϩ) and AR-97Q/p62 (ϩ/ϩ) mice for use as controls. The AR-97Q mice that overexpressed p62 (AR-97Q/p62
(tg/ϩ) ) demonstrated amelioration of the disease course after 18 weeks of age ( Fig. 6E-I ). In addition, AR-97Q/p62
(tg/ϩ) mice showed improvements in their motor impairment, as assessed by the rotarod task at 25 weeks ( p Ͻ 0.05; Fig. 6E ). Locomotor cage activity of the AR-97Q/p62
(tg/ϩ) mice was also significantly increased at 25 weeks when compared with that of the AR-97Q/ p62 (ϩ/ϩ) mice ( p Ͻ 0.05; Fig. 6F ). Furthermore, grip strength was stronger in the AR-97Q/p62
(tg/ϩ) mice than in the control mice ( p Ͻ 0.05; Fig. 6G ), and AR-97Q/p62
(ϩ/ϩ) mice lost weight significantly earlier and more profoundly than the AR-97Q/ p62 (tg/ϩ) mice ( p Ͻ 0.05; Fig. 6H ). An increase in p62 also significantly increased the survival rate of AR-97Q/p62
(tg/ϩ) mice compared with AR-97Q/p62
(ϩ/ϩ) mice ( p ϭ 0.008; Fig. 6I ). Although the AR-97Q/p62
(tg/ϩ) mice took relatively shorter steps than the wild-type mice, they walked with significantly longer steps than the AR-97Q/p62
(ϩ/ϩ) mice ( p Ͻ 0.01; Fig. 6J ).
p62 overexpression promotes NI body formation and reduces DNS of mutant AR in an SBMA mouse model We performed immunohistochemical staining for mutant AR using the 1C2 antibody in the spinal cord and skeletal muscle of 25-week-old mice. Intriguingly, numerous NIs of the mutant AR were observed in AR-97Q/p62 (tg/ϩ) mice but not in AR-97Q/ p62 (ϩ/ϩ) mice (Fig. 7A) . The intensity of the DNS was reduced in cells with NIs (Fig. 7A , arrow) compared with cells without NIs (Fig. 7A, arrowhead) . The ratio of the number of cells with NIs to the number of total 1C2-positive cells significantly increased in AR-97Q/p62
(tg/ϩ) mice (Fig. 7B) , and the number of cells with DNS was significantly decreased in AR-97Q/p62
(tg/ϩ) mice (Fig.  7C) . The R.S.I. of the DNS was significantly reduced in cells with NIs compared with those without NIs in the spinal anterior horn and skeletal muscle (Fig. 7D) . We evaluated the colocalization of overexpressed human p62 and mutant AR in AR-97Q/p62 (tg/ϩ) mice. Intriguingly, double-immunofluorescence staining with anti-HA and 1C2 antibodies and immunohistochemistry with an anti-HA antibody demonstrated that p62-HA and mutant AR colocalized in all of the NIs but not in the DNS in the spinal anterior horn cells and skeletal muscles of AR-97Q mice (Fig.  7E-H ) . In addition, p62 localized in the core of NIs of mutant AR (Fig. 7I ) . Double-immunofluorescence staining with anti-p62 and 1C2 antibodies also revealed that endogenous p62 and mutant AR colocalized in the NIs in the spinal anterior horn cells and skeletal muscles of AR-97Q mice (Fig. 8 A, B) and in the spinal anterior horn neurons of human SBMA patients (Fig. 8C,D) , which suggests that endogenous p62 coexists with mutant AR and can exert a cell-protective function in both AR-97Q mice and SBMA patients. There were no NIs in the spinal cord and skeletal muscle of the AR-24Q/p62
(tg/ϩ) mice (data not shown).
p62 overexpression reduces the monomeric and oligomeric protein expression of mutant AR in an SBMA mouse model Overexpression of p62 significantly decreased the amount of the high-molecular-weight mutant AR protein complex and the monomeric form of the mutant AR (AR-97Q) in the spinal cord and skeletal muscle of AR-97Q mice, whereas it did not decrease the expression of wild-type monomeric AR (AR-24Q) (Fig. 9 A, B) . To address whether nuclear ARs shift from a more soluble oligomer to a less soluble and aggregated state in AR-97Q/p62
mice, we lysed the pellet in 8 M urea solution and performed
Western blotting. Overexpression of p62 significantly increased AR protein in the pellet of the spinal cord and skeletal muscle of AR-97Q/p62 (tg/ϩ) mice, suggesting that increasing p62 shifts from soluble oligomeric AR to insoluble AR (Fig. 9C,D) . The respective levels of wild-type and mutant AR mRNA were similar in AR-24Q and AR-97Q mice overexpressing p62 (Fig. 9E) . Anti-GFAP staining showed an apparent decrease in reactive astrogliosis in AR-97Q/p62
(tg/ϩ) mice when compared with AR-97Q/p62
(ϩ/ϩ) mice in the spinal anterior horn (Fig. 9 F, G) . Western blotting analyses with an antibody against GFAP revealed that overexpression of p62 downregulated GFAP, which indicates that the overexpression of p62 mitigated the neurodegenerative changes (Fig. 9H ) . Muscle histology and weight measurements also demonstrated a significant amelioration of muscle atrophy in AR-97Q/p62
(ϩ/ϩ) mice (Fig. 9 I, J ) . The AR-97Q/p62 (tg/ϩ) muscles were 2.2 times heavier than the AR-97Q/p62
(ϩ/ϩ) muscles (Fig.  9K ) . Overexpression of p62 did not influence the expression of the total amount of ubiquitinated proteins in the spinal cord and muscle of AR-24Q and AR-97Q mice, as determined by Western blots (Fig. 9L) , whereas more ubiquitin-positive NIs were identified in the AR-97Q/p62
(tg/ϩ) mice than in the AR-97Q/p62
(ϩ/ϩ) mice ( Fig. 9 M, N ) . The expression of the autophagic marker LC3 (Mizushima et al., 2010) was slightly elevated in the spinal cord and muscle of AR-24Q/p62 (tg/ϩ) and AR-97Q/p62 (tg/ϩ) mice compared with AR-24Q/p62
(ϩ/ϩ) and AR-97Q/p62 (ϩ/ϩ) mice (Fig. 10 A, B) , which suggests that high expression of p62 induced autophagosome formation to some extent. However, the induction of autophagosome formation could be insufficient to affect the degradation of the AR protein because p62 overexpression did not decrease the expression of wild-type AR in the spinal cord and skeletal muscle of AR-24Q mice (Fig. 9 A, B) . Overexpression of p62 did not influence the expression of wild-type and mutant AR in two SBMA cellular models (Fig. 11 A, B) . In this culture system, we detected a band that represented a monomeric mutant AR in the separating gel. However, it was difficult to detect the high-molecular-weight mutant AR protein complex and NIs. Thus, this cell culture model is more appropriate for estimating changes in monomeric mutant AR expression. These observations suggest that an increase in p62 promotes the downregulation of soluble-toxic mutant AR species via harmless inclusion body formation rather than by autophagic degradation and exerts therapeutic effects in AR-97Q mice. Our results were consistent with those of a previous study that showed that NI formation exhibits protective effects in a cellular model of Huntington's disease (Arrasate et al., 2004) .
Discussion
The protein p62 is a ubiquitously expressed cellular protein, and it has been shown recently to be a selective substrate for autophagy Pankiv et al., 2007; Ichimura et al., 2008) . This protein is localized at the autophagosome formation site (Itakura and Mizushima, 2011) and directly interacts with LC3, which is an autophagosome-localizing protein (Pankiv et al., 2007; Ichimura et al., 2008) . Subsequently, p62 incorporates into the autophagosome and is then degraded (Pankiv et al., 2007; Ichimura et al., 2008) . Thus, impaired autophagy is accompanied by the accumulation of p62, followed by the formation of p62-and ubiquitin-positive aggregates because of the nature of self-oligomerization and ubiquitin binding by p62 ( (tg/ϩ) mice revealed the complete colocalization of HA-tagged p62 and (Figure legend continues.) 2008), which suggests that p62 contributes to inclusion formation. Furthermore, p62-positive aggregates observed in hepatocytes and neurons of liver-and brain-specific Atg7-deficient mice are completely dispersed by the additional loss of p62 (Komatsu et al., 2007) . We generated an SBMA transgenic mouse model (AR-97Q) that displayed progressive muscular atrophy, weakness, and DNS and NIs of the mutant AR in neuronal and non-neuronal tissues . Because AR has a specific ligand (i.e., testosterone), the pathogenesis of SBMA is unique among the polyQ diseases . The success of androgen deprivation therapy in SBMA mouse models has been translated into clinical trials Fernández-Rhodes et al., 2011) . In addition, the elucidation of SBMA pathophysiology using animal models has led to the development of other therapeutics, including chaperonerelated disease-modifying therapy Tokui et al., 2009) , posttranslational modification of the AR (Palazzolo et al., 2009; Montie et al., 2011) , AR mRNA stability (Miyazaki et al., 2012) , and modulation of the NH 2Ϫ /carboxylterminal interaction of the AR , which inhibit the pathogenic process of neuronal degeneration. Thus, there is increasing evidence that AR ligands, molecular chaperones-UPS, and autophagy play crucial roles in the pathogenesis of SBMA. Furthermore, mutant AR that bears an expanded polyQ repeat adopts an altered conformation that results in protein aggregation and inclusion formation; however, recent studies have suggested that soluble causative protein species that include protein aggregates, rather than protein inclusions, could be toxic; thus, they represent targets in the treatment of neurodegenerative disorders (Bauer and Nukina, 2009; Naiki and Nagai, 2009; Hands and Wyttenbach, 2010) . In this study, we addressed the questions of whether depletion of p62 exacerbates neuropathological outcomes and whether overexpression of p62 can protect against mutant AR toxicity and exert therapeutic effects on the SBMA phenotype. Depletion of p62 significantly increased the accumulation of monomeric mutant AR and mutant AR protein complexes in AR-97Q mice via an impairment of autophagic degradation, whereas helpful inclusion body formation was promoted in the spinal cord and muscle of the AR-97Q/p62 double transgenic mice.
In a neuronal cell culture model of SBMA, we demonstrated that decreasing levels of p62 inhibited the degradation of monomeric wild-type and mutant ARs even in cells with NIs, which suggests that p62 plays a pivotal role in AR protein turnover. Growing evidence indicates that p62, together with ubiquitinated proteins, is transported into autophagosomes, which suggests that p62 is a receptor for ubiquitinated proteins that is necessary for their degradation in lysosomes . As a receptor, p62 would also contribute to autophagic degradation of Parkin-mediated ubiquitinated mitochondria (Geisler et al., 2010) . Furthermore, p62 is localized at the autophagosome formation site and directly interacts with LC3, which facilitates the delivery of its polyubiquitinated protein for lysosomal degradation (Ichimura et al., 2008) . Subsequently, p62 is also incorporated into the autophagosome and is then degraded. In addition, p62 has been shown to directly interact with mutant copper-zinc superoxide dismutase (SOD1) protein (Gal et al., 2007) , which indicates that p62 directly or indirectly recognizes the mutant SOD1 protein and is degraded via autophagy. p62 also has the capacity to sequester aggregate-prone proteins that might otherwise undergo proteasomal degradation (Korolchuk et al., 2009 ). In our study, both wild-type and mutant ARs colocalized with endogenous p62-and LC3-positive puncta (Fig.  1C) . In addition, ARs were recognized directly by p62 (Fig. 2) , which suggests that mutant AR is degraded in a p62-dependent autophagic pathway. Furthermore, our Western blotting analysis revealed that monomeric mutant AR and the high-molecular-weight form of mutant AR protein complexes retained in the stacking gel were upregulated in the spinal cord and muscle of AR-97Q transgenic/ p62 knock-out mice, which suggests that degradation of mutant AR was inhibited by the deletion of p62. In addition, the overexpression of p62 did not influence the expression of wildtype and mutant AR in a cellular model of SBMA or the expression of wild-type AR in a transgenic mouse model, which suggests that p62 overexpression was not sufficient to promote the degradation of both wild-type and mutant AR (Figs. 9 A, B,  11 A, B) . However, p62 overexpression enhanced the inclusion body formation of mutant ARs, which resulted in a reduction of expression in a transgenic mouse model (Figs. 7, 9) , and this effect can occur independently of the degradation in lysosomes. More importantly, overexpressed p62 existed in all of the mutant AR NIs in the spinal cord and skeletal muscle of AR-97Q/p62 double transgenic mice. Furthermore, p62 also colocalized with mutant AR NIs that were present in the anterior horn cells of postmortem tissues obtained from SBMA patients. Inclusion bodies that were positive for both ubiquitin and p62 have been identified in various neurodegenerative diseases, which suggests that p62 is involved in the formation of disease-related inclusion bodies (Kuusisto et al., 2001 (Kuusisto et al., , 2008 Labbadia et al., 2012) . Intriguingly, the overexpressed p62 and mutant AR colocalized in all of the NIs but not in the DNS, and p62 was localized in the core of NIs of mutant AR (Fig. 7I ) . p62 can either directly or indirectly interact with the AR without its ubiquitination (Fig. 2G ) and can also function with the misfolded AR, as indicated by the fact that we did not observe NI formation in the AR-24Q/ p62 (tg/ϩ) mice. These results suggest that p62 is capable of self-oligomerization and could provide an opportunity for inclusion formation to generate the seeds of NIs.
However, the extent of diffuse nuclear accumulation of mutant AR in motor and sensory neurons of the spinal cord of autopsied SBMA patients was strongly correlated with the CAG repeat length but not with the number of NIs . Accumulating evidence suggests that NIs are not harmful polyQ species (Arrasate et al., 2004) and instead that an oligomeric form of the mutant protein could be the major pathogenic species (Nagai et al., 2007; Sathasivam et al., 2010) . Several studies have suggested that inclusion formation could be a cellular response against the toxicity of abnormal polyQ proteins (Arrasate et al., 2004; Bowman et al., 2005) , whereas the nuclear localization or accumulation of abnormal proteins can be decisive in inducing neuronal cell dysfunction and degeneration in polyQ diseases, including SBMA ( (ϩ/ϩ) and AR-97Q/p62 (tg/ϩ) mice immunolabeled with antibodies against LC3. B, Quantitative analysis for the amounts of LC3-II. LC3-II levels were slightly elevated in the AR-97Q/p62
(tg/ϩ) mice. This experiment was repeated in four sets of mice with equivalent results. All of the values are expressed as the means Ϯ SEM (n ϭ 5). *p Ͻ 0.05; **p Ͻ 0.01. Figure 11 . p62 overexpression does not affect AR expression. A, Full-length wild-type (24Q) or mutant (97Q) AR and HA-tagged p62 (pCAGGS-p62-HA) were cotransfected into Neuro2A cells for 48 h. B, Full-length wild-type (24Q) or mutant (97Q) AR and FLAG-tagged p62 (pIRESpuro3-3XFLAG-p62) were cotransfected into NSC34 cells for 48 h. All of the cells were cultured in DMEM/10% FCS at 37°C and with 5% CO 2 . Immunoblots revealed that the expression of AR was similar in the presence or absence of HA-p62 or FLAG-p62.
diffuse nuclear accumulation of mutant proteins with an expanded polyQ tract might be an early event that occurs before NI formation, which is closely related to the manifestation of neuronal dysfunction (Watase et al., 2002; Yoo et al., 2003) . The molecular pathogenetic process by which diffuse nuclear mutant AR accumulation induces neuronal dysfunction and death remains unclear; however, it is notable that overexpression of p62 can promote NI formation and the packaging of accumulated soluble and toxic nuclear mutant AR.
Accumulation of misfolded proteins is causally related to many age-related neurodegenerative diseases (Bates, 2006) . Prompt removal and/or refolding could be required more in aged or damaged cells than in young healthy cells, in which protein quality control systems function appropriately. In SBMA patients, diffuse nuclear accumulation of mutant AR is frequent and extensive, and it occurs in a wide array of CNS nuclei and visceral organs. The precise mechanism used by the mutant protein must be determined in future studies; however, we have used cellular and mouse models of SBMA and demonstrated that p62 plays a beneficial role in autophagic degradation and NI formation of the mutant AR protein. These findings provide new insights into the cytoprotective functions of p62; thus, they could have important implications for the development of therapeutic strategies for the treatment of SBMA and other polyQ diseases.
